In analogy with the established discipline of room acoustics, various aspects of diffuse wideband microwave propagation in a room are treated. It is shown that an equivalent to Sabine's equation for reverberation time in a room is valid for the completely diffused field, depending only on the volume, the surface area, and an effective absorption coefficient. An exponential decay of the power as a function of the delay is a consequence of the assumptions. Furthermore, the concept of a reverberation distance is also valid. This is the distance from a transmitting antenna where the received diffuse, randomly scattered power equals the direct line-of-sight received power, such that the diffuse power dominates for distances larger than the reverberation distance. A number of measurements in a large room support the theory with an effective absorption coefficient of 0.5. The power delay profiles around the room from a transmitter in the ceiling vary only in the first arriving part of the impulse, whereas the tail, being dominated by the diffuse field, has the same power level for a given delay and the same decay rate all over the room. It is also a consequence of the theory that the diffuse fields incident on an antenna are uniformly distributed in angle.
Introduction
It is not surprising that there is a close resemblance between room acoustics and room electromagnetics, since the wavelengths are typically of the same order for acoustic audio frequencies and microwave frequencies, namely in the centimeter range. Room dimensions are much larger than the wavelength, so quasioptical ray propagation dominates. In both cases, there is a distinction between specular reflection from a quasi-smooth surface, and diffuse scattering from rough surfaces and from individual scatterers, such as pieces of furniture. In both cases, ray tracing has been popular, assuming known properties of materials. However, a large number of rays is needed to describe the diffuse field, while, in contrast, the present theory for diffuse propagation is very simple. We can expect a certain level of diffuse scattering leading to a reverberation in the acoustic case as well as in the electromagnetic case. In the latter case, this has to be considered when designing a communication system, in order to avoid inter-symbol interference. However, one difference is that the acoustic case is ultra-wideband, while the radio case usually has a small relative bandwidth, and hence a nearly constant wavelength over the communication band.
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Another difference is the presence of polarization in the electromagnetic case. The purpose of this paper is to demonstrate the applicability of methods applied in room acoustics to microwave propagation in a room.
Most indoor studies of coverage and delay spread in the communic ations area have been for buildings as such, consisting of corridors, halls, and offices, and the concern has been related to the influence of walls and floors [11. A stochastic approach for indoor diffuse scattering is described in [21, treating path-loss distributions. Extracting diffuse scattering from measurements is discussed in [3] , and recently ultra-wideband diffuse scattering has been measured in several rooms [4] . A similar approach as in the present paper was used in [5] , where the power delay profile was calculated based on averaging plane-wave reflection coefficients of smooth surfaces. The resulting delay profiles were non-exponential. Here, we are concentrating on a single rather large room, typical of open office structures with partitions between cubicles. Such an environment would typically have many users in a wideband wireless system including MIMO, and in such a case an accurate characterization of the radio channel in power, delay, and angle is important. In the present paper, we will concentrate on the link between an access point placed in the ceiling of the room, and users placed in a numnber of positions around the room. The focus will be on the delay aspects.
The theoretical part relies heavily on the established knowledge in acoustics [6] , while the experiments are new. The theory is covered in Section 2, while Sections 3-6 give the experimental results. The paper concludes with a discussion. A preliminary version was published in [7] , unfortunately with some errors, which are corrected here.
Theory
In this section, we shall make some assumptions about a diffuse field in analogy with the corresponding acoustic quantities [6] . Although the electromagnetics case is different due to polarization, this experiment only addresses the case of vertical-to-vertical polarization, which may then be considered as a scalar case. Consider a narrow ray tube in space, with rays of intensity dl (.,p E,9 (09, 0,)11 + IE~, ('9, (0)1
in the directions .9 and q?. E is the peak electric field, and ZO is the firee-space impedance. The corresponding energy density at a point is found by dividing by the velocity of light, c:
The relationship between intensity and energy density may also be derived from the standard definitions of energy density, In a totally diffuse field, the intensity will not depend on the direction, so integrating Equation (2) over all directions gives an energy density as
W=47r-I watt-s/in 3 .
C (4)
Thus the total stored energy of diffuse radiation in the room is the energy density, W, times the volume, V, assuming a uniform distribution. Assume now that the intensity in Equation (1) is incident on a wall area, A, which partly absorbs it. The total power absorbed is an integration of Equation (1) over a half space, i.e.,
1 'abs = 27 A~ g'f 2 I(9,4p)cos 9sin .9d~dip watt,
where the cosine term is needed for defining the apparent aperture in the direction 8, and )7 is the fraction of energy absorbed by the area, A. Since!I is independent of direction,
Pbs 77 A7dI = cq7A W watt.
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With an input source power of SQt) watt, we can now formulate the final power balance in the room using Equations (4) and (6). The input power is balanced by the increase in energy/second and the losses at the walls,
with c being the velocity of light. This agrees with the standard acoustical equation for room acoustics [6] , except that here the velocity of sound is replaced by the velocity of light.
Electromagnetic Reverberation Time
If the source is turned off, S () = 0, Equation ( The steady-state solution after the constant source has been on for a time much larger than r may be found from dW 0 dt
(9) WO=4S
cq A' depending only on the input power and the absorption area.
In the case where the average delay profile has an exponential decay, then r equals the rms delay spread.
The general solution to Equation (7) is a convolution integral:
Path Gain in a Random Environment
In order to evaluate the received power after steady state has been achieved, we must use the antenna properties in a random field. Let us first consider a receiving antenna in a random field. 
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The directivity, D, of any antenna in a completely random field is thus unity, and the received power at the antenna is the intensity 22 times the receiving area of the antenna, -. Using Equations (4) and (9), we find 
Theoretical Reverberation Distance
It is clear that near the transmitting antenna, there will be a strong line-of-sight field dominating over the diffuse field. The question is, how near? The power received from the transmitting antenna will bẽ r-4,r r 2 41rat,(4 where D, and D 2 are the two direct~ivities.
Using Equations (13) and (14), we can find the distance where the two powers are equal. This distance is called the reverberation distance, and is given by rd=-2 277qA .
(15)
For distances closer than rd, the direct path dominates; for larger distances, the diffused energy dominates.
The Measured Environment
The room was a rectangular room, with dimensions 1 1 x20x2.5 meters. It had windows at two sides, and was filled with cardboard partitions with metallic frames. An overview drawing is seen in Figure 1 , and a photo is in Figure 2 . Other elements were bookcases, tables, chairs, and computers. The transmitter was positioned near the ceiling at the middle of the room, and the 11 positions of the receivers are indicated on the drawing. Access points 2 and 3 were outside the room. Results for position 10 were not given, since the experiment failed.
The antennas were monopole planar arrays with additional parasitic elements. The transmitting array had 16 (4x4) active elements looking downwards from the ceiling. The receiving array had 32 (448) elements looking upwards. The transmitting array is seen in Figure 3 , and the receiving array is in Figure 4 . Note that only vertical polarization was considered.
The array elements had a maximum directivity of 6.1 dB, and a loss of 1.5 dB due to the coupling to the other elements. The 8] . The wideband data from the sounder contained the complex impulse responses from each transmitter element to each receiver element, from which the mean value in power of the impulses were obtained. The complex responses were normalized to the back-to-back measurement.
Total Power Distributions at the Different Positions
The distribution of the power at each site is an informative measure of the radio channel, whether it is Rayleigh, Rice, or has some other distribution. Figure 5 shows the cumulative probabilities on a log scale at the ten user positions, with the powers normalized to have zero dB mean power. The positions were numbered from 1 to 11, but the measurements at position 10 were not available, so there were only ten positions. It was clear that the distributions fell into two distinct categories. One group (2, 3, and 4) showed a clear Ricean distribution with a K factor around 9 dB, whereas the remaining points had distributions close to Rayleigh. The Ricean group had the shortest distance from the transmitter, about four meters, and all of those positions had near line-of-sight to the transmitter. All other positions showed distributions close to Rayleigh fading. This was a surprise, since some of them also had near line-of-sight to the transmitter.
Mean Power Delay Profiles
The ten power delay profiles are shown in Figure 6 . Again, the difference between the two groups was apparent. Positions 2, 3, and 4 (dashed lines) had the highest peaks and a non-exponential decay. The remaining positions, which had Rayleigh distributions, were remarkable in the sense that they had the same power in the tail. Note that the power delay profiles were normalized to the input power and included the path loss. In order to see this more clearly, the delay profiles were plotted again in Figure 7 without the Ricean cases. The decay rate was close to 0. 18 dB/ns for all of them, which gave a reverberation time, r, of 24.1 ns. We can now use the expression for the reverberation time, Equation (8), to determine the average absorption coefficient:
Putting in the actual numbers for our case, V = 522.5 mn 3 ,
A = 560M
2 (all walls, floor, and ceiling), c = 0.3 rnlns, resulted in 77= 0.51. Whether this was a reasonable number for this particular room is difficult to judge, but the fact that the tails of all the impulses had the same level ensured that the diffuse field had spread uniformly to the whole room. We are now in a position to evaluate not only the slope but also the level. Using Equation (13), we found a steady-state power of -65 dB when using all the known quantities. Since each antenna had an efficiency of -1.50d, we subtracted 3 dB, and got a final value of -68 dB. Taking position 5 as an example, we found a mean power of -77 dB (relative to the back-to-back measurement). However, considering that the impulse peaked 40 ns later, there was a loss of 40 ns x 0. 18 dB/ns IEEE Antennas and Propagation Magazine, Vol. 49, No. 2, April 2007 = 7.2 dB, so there was a disagreement of only 2-3 dB. This may be explained by the fact that the impulse was too short to reach steady state for the room in question.
So, the interpretation of the impulse responses is quite clear. There is an overall decay rate valid everywhere established by the access point, but the start of the impulse depends on the delay, and thus distance, from the access point. In the beginning of the impulse there may be an overshoot, depending on the local shadowing, which is important for the total energy, but the tails are dominated by the common diffuse scattering.
Similar measurements at the other access point, AP4, near the wall are shown in Figure 8 . The conclusions were exactly the same, so the response tails were also independent of the position of the access point. The total delay to the end of the room was naturally larger, which gave a smaller total power, as discussed above. There was a different slope (model 2) of 0.60 dB/ns in the beginning for position 1. This may be explained by the fact that the reflections from the end wall had not arrived yet, but they did so after 50 ns.
Measured Reverberation Distances
From Equation (15), we now have all the information needed to calculate the reverberation distances as a function of position. The reason why the reverberation distance depended on the position in the room was due to the fact that the antenna directivities varied. The true geometrical distances from the access point to all the user locations are shown in Figure 9 , together with the calculated reverberation distances. It was noted that for locations 2, 3, and 4, the true distances were much smaller than the reverberation distances (position 10 was not measured). This then was the explanation of the Ricean distribution at these points: they were so close that the direct path dominated over the diffuse fields.
Discussion
Measurements of the average power delay profiles in a typical large office environment have shown that the decay rate of the tail is governed by the overall dimensions of the room and an average absorption coefficient. Not only the decay rate, but also the power levels, are the same all over the room in the tail of the response. At each location, the peak of the impulse arrives with some delay related to the distance. The energy builds up in the beginning based on the possible line-of-sight and the local scattering from objects and walls, depending also on local shadowing. This part of the energy is important for the communication process, but was not treated in detail here. The remaining part of the impulse, our main concern, is governed by the completely random, chaotic process where the whole room is filled with energy, leading to a constant energy density all over for the same delay. This process is fully developed after a delay of 75 ns (corresponding to 22 m in distance), and continues until the signal drowns in noise. The level and slope of the tails is also independent of the access-point (transmitter) position. There is some evidence of a dual-slope case for close positions near the end of the room, but the final slope is the same.
The simple scalar theory of acoustic reverberation in a room with lossy walls agrees well with microwave measurements. This gives a single parameter that characterizes the room: the effective absorption coefficient, which, in our case, was close to 0.5. In reality, it is an average figure, including possibly also some losses inside the room. It would be of interest to find this parameter for other types of rooms, since it is so simple. The decay rate of the tail is a constant around 0. 18 dB/ns, corresponding to a time constant of 24.1 ns in the exponential decay. Since the delay spread of the total impulse is reduced by the presence of the non-diffuse part, we may note that this time constant is an upper bound on the rms delay spread. The main difference from the acoustical case, apart from material parameters, is polarization. This is not considered here, since both transmitting and receiving antennas were vertically polarized.
The reverberation distance signifies the distance between the transmitter and the receiver antennas below which the direct ray dominates. In the present room, it turned out that for three positions (2, 3, and 4), the real distance was much shorter than the reverberation distance. For these locations, the power had a Rice distribution, with a K factor of 9 dB. For all other locations, the distribution was close to Rayleigh, as would be expected in a chaotic, random field, independent of whether the locations had lineof-sight to the transmitter or not.
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